I. INTRODUCTION
For the pure monatomic gases helium through krypton, thermodynamic and transport properties at low densities can be predicted from first principles with an accuracy that is superior or at least equal to that of the best experimental techniques. 1 Highly accurate ab initio pair potentials have been developed in the last years for helium by Hellmann et al. 2 and Cencek et al., 3 for neon by Hellmann et al., 4 and for argon by Jäger et al. 5, 6 as well as by Patkowski and Szalewicz. 7 Recently, two ab initio pair potentials for krypton have been presented by Waldrop et al. 8 and by Jäger et al. 9 Waldrop et al. used frozen-core (FC) explicitly correlated coupled-cluster calculations to obtain interaction energies for the krypton atom pair at the complete basis set (CBS) limit. They applied a correction for electronic excitations beyond the coupled-cluster method with single, double, and perturbative triple excitations, CCSD(T), 10 using the CCSDT(Q) method of Bomble et al., 11 which accounts for full triple and perturbative quadruple excitations. Furthermore, they included core-core and corevalence correlation as well as scalar relativistic effects. Using a new basis set of sextuple-zeta quality and standard orbital CCSD(T) computations, Jäger et al. calculated CBS limiting values for the Kr-Kr interaction energy that are somewhat different from the results of Waldrop et al. Furthermore, they a) Electronic mail: benjamin.jaeger@uni-rostock.de b) Electronic mail: eckard.bich@uni-rostock.de included relativistic effects beyond the scalar relativistic level and a correction for the coupled-cluster method with up to full iterative quadruple excitations, CCSDTQ. 12, 13 Unexpectedly, the ab initio pair potentials of Waldrop et al. and Jäger et al. resulted in almost indistinguishable values for the lowdensity transport properties of krypton. Jäger et al. showed that the perfect agreement of the viscosity data computed for the potential of Waldrop et al. with the most accurate experimental data was partly due to a fortuitous cancellation of errors.
For interactions between unlike noble gas atoms, ab initio pair potentials have not been developed at the same level of accuracy as for the like interactions. Partridge et al. 14 calculated interaction energies for systems containing helium and different ground state atoms using the frozen-core CCSD(T) method and suitable quadruple order quintuple-zeta basis sets augmented by a small set of mid-bond functions. Later, Haley and Cybulski 15 studied various combinations of noble gas atoms at the same level of theory employing correlation consistent basis sets (aug-cc-pVXZ, [16] [17] [18] abbreviated as aVXZ) of up to quintuple-zeta quality and mid-bond functions. We chose krypton-helium as a model system because of its large mass difference, which causes a rather strong composition dependence of the binary and thermal diffusion coefficients compared to the neon-helium and argon-helium systems. Thus, a meaningful test of the higher orders of approximation to the kinetic theory can be conducted. Calculations for xenon-helium are not feasible at the same level of accuracy due to the lack of suitable correlation consistent basis sets. Moreover, the available ab initio and empirical pair potentials for krypton-helium exhibit a significant disagreement with respect to their well depths. The ab initio potentials of Partridge et al. and Haley and Cybulski as well as the empirical potential of Keil et al. 19 are characterized by similar well depths of 29.56 K, 29.84 K, and 29.45 K, respectively, whereas the earlier empirical potential of Danielson and Keil 20 is considerably deeper with ε/k B = 30.95 K (k B is Boltzmann's constant). Note that Keil et al. already observed that their new potential shows, compared to the older version of Danielson and Keil, a worse agreement of the computed values for the cross second virial coefficient with the best experimental data. A later ab initio potential of Bouazza and Bouledroua 21 is not based on any improved quantum-chemical interaction energies but on the results from the two earlier studies (Refs. 14 and 15) and is therefore not considered any further.
Transport property calculations for noble gas mixtures by means of the kinetic theory of gases were limited to LennardJones-type or other simple potential models (see, for example, Refs. [22] [23] [24] for a long time. In the late 1980s, such computations were performed for the more realistic but still empirical Hartree-Fock-dispersion-type (HFD) potentials. 19, 20 Partridge et al. 14 were the first to use ab initio pair potentials for the interactions between unlike atoms. They computed the necessary collision integrals quantum-mechanically for all atom pairs that include helium and applied up to fourth-order kinetic theory expressions for the transport properties taken from the work of Mason. 23, 24 Unfortunately, they analyzed their results only marginally regarding the influence of different orders of approximation to the kinetic theory solutions. Furthermore, their results for the krypton-helium binary diffusion coefficient (for x He → 1) deviate by about 1% from the experimental reference values (as tabulated in Ref. 19) , which have an estimated uncertainty of only ±0.3%, indicating that their krypton-helium potential is far from being an accurate representation of the true pair potential.
Later, Song et al. 25 used the ab initio pair potential of Haley and Cybulski 15 for the calculation of binary and thermal diffusion coefficients of the krypton-helium system. Unfortunately, they did not include a quantum-mechanical treatment of the collision behavior and neglected the effects beyond the second-order approximation of the kinetic theory. A recent study by Sharipov and Benites 26 is concerned with transport properties for the argon-helium system, where results were reported for the 5th-, 12th-, and 20th-order approximations. No effects could be observed beyond the 12th-order approximation for any of the investigated properties. Significant differences between the 5th-and 12th-order results were observed only for the thermal diffusion factor (up to 0.5%). However, the measurement uncertainties for this property are about ten times larger. Moreover, the effects of the successive steps up to the 12th order were not discussed in detail, and one can suspect that already a lower order of approximation gives converged results. It is to note that Sharipov and Benites used classical collision integrals only and that the ab initio argon-helium pair potential (taken from Ref. 15 ) is limited in accuracy as in the case of krypton-helium.
In Sec. II, we present the details of the new ab initio pair potential for the krypton-helium atom pair. Section III is concerned with the assessment of the analytical potential energy curve by the comparison of calculated and experimentally based values of the cross second virial coefficient. In Sec. IV, the kinetic theory methodology is explained, and the computed results for the coefficients of viscosity and thermal conductivity as well as of binary and thermal diffusion are compared with experimental data.
II. KRYPTON-HELIUM PAIR POTENTIAL
We computed interaction energies for 34 interatomic distances from 1.3 Å to 9.0 Å using the supermolecular approach including the full counterpoise correction by Boys and Bernardi. 27 For helium, the correlation consistent basis sets [aVXZ, X = D(2), T(3), Q(4), 5, 6] developed by Dunning 16 as well as by Woon and Dunning 17 were employed. The corresponding basis sets for krypton were introduced by Wilson et al. 18 (aVXZ with X = D, T, Q, 5) and by Jäger et al. 9 (aV6Z). Basis sets for calculations that incorporate corecore and core-valence correlation effects were developed by DeYonker et al. 28 (wCVXZ with X = D, T, Q, 5; augmenting diffuse functions were taken from the standard aVXZ basis sets). The exponents of additional diffuse functions leading to doubly augmented basis sets (daVXZ) were obtained in an even-tempered manner from the two most diffuse basis functions of each type of the corresponding aVXZ basis sets.
At the center between the krypton and the helium atom, additional bond functions were placed to improve the convergence behavior towards the CBS limit as in our studies on the pure-component potentials. 2, 4, 5, 9 The large set of mid-bond functions denoted by (44 332 
was utilized to extrapolate the correlation parts of the interaction energies for two successive cardinal numbers X 1 and X to the CBS limit. The general additive scheme of computing the total interaction energy at any interatomic distance is given by
where V SCF is the Hartree-Fock interaction energy, V corr is the CBS-extrapolated correlation energy at the frozencore (FC) CCSD(T) level of theory, V postCCSD(T) represents the contributions due to higher-order coupled-cluster methods, V core is the correction for the influence of core electrons on the correlation energy, and V rel accounts for the relativistic effects. We adopted the specific approaches for these contributions largely from our study on the Kr-Kr pair potential. 9 The CFOUR program 30 was used for most of the coupledcluster calculations. For the CCSDT(Q) and CCSDTQ computations, the MRCC package was applied. 31 Four-component relativistic calculations were conducted using the DIRAC program. 32 A. Quantum-chemical calculations SCF interaction energies for the krypton-helium atom pair were computed using daVXZ+(44 332) basis sets with X = Q, 5, 6. For the near-minimum distance R = 3.7 Å, we obtained V The correction for higher-order excitations within the FC coupled-cluster approach was calculated according to
Adopting the methodology used by Patkowski and Szalewicz 7 for argon and by Jäger et al. for krypton, we extrapolated the difference V T(T) between the interaction energies for the coupled-cluster method with up to full iterative triple excitations 33, 34 (CCSDT) and the CCSD(T) approach as well as the difference V (Q)T between those for the CCSDT(Q) and CCSDT levels of theory to the CBS limit by means of Eq. The results for the last term in Eq. (3), which accounts for the difference between the CCSDTQ and CCSDT(Q) levels of theory, were distinctly smaller in magnitude compared to the first two terms. At R = 3.7 Å, the computations yielded V aVDZ+(3321) Q−(Q) = 0.004 K and V aVTZ+(3321) Q−(Q) = −0.015 K; the results were not extrapolated to the CBS limit. The effects beyond the CCSDTQ level of theory were tested using the CCSDTQ(P) 35 approach. Although the results for the aVDZ+(3321) basis set indicate that the (P) Q difference can be as large as the Q (Q) correction (0.016 K for R = 3.7 Å), we neglected this correction due to the large computational requirements and accounted for it in the uncertainty estimation. The resulting post-CCSD(T) correction according to Eq. (3) significantly deepens the pair potential; for the near-minimum distance R = 3.7 Å, it amounts to −0.642 K. All post-CCSD(T) results are given along with the SCF and CCSD(T)/FC interaction energies in Table I .
To account for the correlation effects beyond the FC approximation, we employed a two-step approach 9
While FC corresponds to a level of theory where only the 4s and 4p valence electrons of the krypton atom are involved in the treatment of electron correlation, the IFC approximation leaves only an inner core (1s, 2s, and 2p electrons) unconsidered. The difference between these two approaches covers most of the core-core and core-valence correlation effects 9 so that the second term of Eq. (4), which accounts for additional electron correlation at the all-electron (AE) level, can be expected to be only a small correction. For the computation of V IFCFC , we employed the CCSD(T) method in combination with the dawCVXZ+(3321) series of basis sets for krypton, which is based on the IFC optimized wCVXZ basis sets of DeYonker et al., 28 and the standard daVXZ sets for helium. At R = 3.7 Å, the corrections to the Kr-He interaction energy were obtained as V = 0.000 K are vanishingly small due to a zero-crossing. Although this correction gives only a minor contribution to the interaction energy also for any other interatomic distance, we included the triple-zeta results in our total pair potential for completeness.
The treatment of the relativistic correction to the interaction energy was adopted from our study on the Kr-Kr pair potential 9 V rel = V DPT2/FC,CBS +V DPT2,AE−FC +V 4cDC−DPT2 +V Gaunt . (5) TABLE I. SCF and CCSD(T)/FC nonrelativistic interaction energies as well as post-CCSD(T) corrections for Kr-He in Kelvin as a function of the interatomic distance. As the main contribution to the relativistic correction, V DPT2/FC,CBS was determined from second-order direct perturbation theory [36] [37] [38] With V DPT2,AEFC , the first term in Eq. (5) is corrected for core-core and core-valence correlation effects. The computations at the AE and FC levels of theory were performed using again the unc-aVXZ+(3321) basis sets. For R = 3.7 Å, this correction is negligibly small (V This small magnitude is again related to a nearby zero-crossing of V Gaunt . However, the summed spin-orbit correction terms are of at least the same or even larger relative importance than for the pure Kr-Kr interaction. The results for all contributions beyond the nonrelativistic FC level of theory that were considered for the total pair potential are listed in Table II .
As suggested by one of the reviewers of this manuscript, the systematic error due to the Born-Oppenheimer approximation, which was applied for all quantum chemical calculations, was investigated. We computed the so-called diagonal BornOppenheimer correction (DBOC) to the interaction energy at the CCSD/FC level of theory, 40 as implemented in the CFOUR program, for all interatomic distances using the aVDZ+(3321) and aVTZ+(3321) basis sets. At R = 1.3 Å, the correction amounts to 28.878 K and 29.191 K for DZ and TZ basis sets, respectively, whereas −0.012 K and −0.013 K result for the near minimum distance R = 3.7 Å. Further results can be found in the supplementary material. The values for the DBOC obtained with the aVTZ+(3321) basis set were added to the total interaction energies and are therefore included within the results for V tot in Table II .
B. Uncertainty budget
We followed our study on the krypton dimer 9 and calculated the combined standard uncertainty of the ab initio interaction energies as the square root of the sum of the squared standard uncertainties resulting from the individual contributions, which are estimated for the CBS-extrapolated terms as
and for the remaining contributions as (2)], its estimated combined standard uncertainty, and the fitted pair potential. Here, "bf" denotes the (3321) set of bond functions. All energies are in Kelvin. 
Due to the small magnitude of V DPT2,AEFC , no uncertainty contribution was considered for this term. For post-CCSDTQ contributions, we conservatively allocated a standard uncertainty of u(V postCCSDTQ ) = 2u(V Q(Q) ). The uncertainty of the DBOC contribution was neglected. By propagating the uncertainty, a combined standard uncertainty of u c = 0.075 K was obtained for R = 3.7 Å, where the total interaction energy, summed up according to Eq. (2), amounts to V tot = − 31.387 K. The values of the total interaction energy and of the combined standard uncertainty, u c (V tot ), are listed for all 34 interatomic distances R in Table II . Further quantum-chemical results are tabulated in the supplementary material.
III. ANALYTICAL POTENTIAL FUNCTION OF THE KRYPTON-HELIUM ATOM PAIR
A modified Tang-Toennies type function 41 was employed to represent the 34 total interaction energies
A least-squares procedure was used to determine the parameters A, a 1 , a 2 , a 1 , a 2 , b, C 6 , C 8 , and C 10 . The higher 
Except for the shortest interatomic distance, all values of V tot are represented by the analytical function within ±0.01%. In Table III , all parameters are listed along with ε/k B and R ε . An additional set of potential parameters was obtained from a fit to the values V U = V tot + u c to allow a propagation of the uncertainty of the pair potential to the thermophysical properties. Due to the small magnitude of u c , the error propagation can be expected to be symmetric for V tot + u c and
The relative deviation of the C 6 coefficient for the pair potential of the present work from the value of Kumar and Meath 42 obtained from the dipole-oscillator strength distribution (DOSD) is about 0.5% and thus smaller than the estimated uncertainty of the DOSD value of ±1%. The combined standard uncertainty of the well depth for V tot (ε/k B = 31.416 K) follows from V U as u c (ε/k B ) = 0.079 K. The distance of the minimum results is R ε = (3.6822 ± 0.0012) Å. Regarding ε/k B and R ε , none of the literature pair potentials is in agreement with the potential of the present work within its uncertainty estimates. However, the agreement of the well depth is considerably closer for the empirical potential of Danielson and Keil 20 than for the later potential of Keil et al. 19 and the ab initio potential of Haley and Cybulski. 15 
IV. CROSS SECOND VIRIAL COEFFICIENT

A. Theory
The cross second virial coefficient, B 12 , is used for the assessment of the quality of the ab initio potential since it corresponds to that part of the first-order non-ideal thermodynamic behavior of gaseous krypton-helium mixtures which emerges from the interaction between krypton and helium.
For the calculation of B 12 as a function of the temperature T, a semi-classical approach was employed, i.e., B 12 was obtained as a sum of the classical contribution and firstthrough third-order quantum corrections 
B. Results
The cross second virial coefficient for krypton-helium was calculated for the temperature range between 50 K and 5000 K employing the pair potential functions of the present work V tot as well as for the pair potentials of Danielson and Keil, 20 Keil et al., 19 and Haley and Cybulski. 15 The standard uncertainty u(B 12 3 12 = 0.050 cm 3 mol −1 , thus confirming that the semi-classical approach yields reliably converged values with respect to the quantum-mechanical limit. At ambient temperature, the total quantum correction amounts to 0.27 cm 3 mol −1 , with the second-and third-order quantum corrections being negligibly small. Results for the classical and the semi-classical approaches are listed along with the standard uncertainty in the supplementary material.
In Fig. 1 , the theoretical predictions for B 12 are compared with experimental data, values computed for the pair potentials from the literature, and the empirical correlation of Dymond et al. 44 The data of Brewer, 45 obtained from measurements of the pressure change on mixing the pure gases, are consistent with the computed values within the rather large experimental uncertainty of 2 cm 3 mol −1 except for one datum at 275 K. Kate et al. 46 determined their low-temperature B 12 values from measurements of the krypton-helium vapor-solid equilibrium with estimated uncertainties of 0.6 to 1.3 cm 3 mol −1 . The good agreement with our theoretical results is quite remarkable, especially considering the fact that the experimentally based low-temperature second virial coefficients of pure krypton are characterized by considerable deviations from the computed values. 9 Moreover, Fig. 1(b) illustrates that neglecting the quantum corrections would deteriorate the agreement significantly. Dillard et al. 47 used the Burnett method to derive B 12 values with a low experimental uncertainty of only 0.3 cm 3 mol −1 . Their data are in a very good agreement with our theoretical values, thus confirming the accuracy of the pair potential of the present work.
Since the empirical correlation of Dymond et al. 44 was fitted to the discussed experimental data, it is not surprising that only small deviations from the theoretical predictions of less than 0.5 cm 3 mol −1 were found for the range of validity of the correlation. However, the inappropriate extrapolation behavior to temperatures below and above this range limits its general applicability. The B 12 values calculated for the empirical pair potential of Danielson and Keil 20 deviate from those for V tot by less than 0.14 cm 3 mol −1 for the complete temperature range. This is due to the fact that the experimental cross second virial coefficients were used as a substantial source of information within the multi-property fitting procedure. However, the empirical potential presented by Keil et al. 19 yields significantly larger B 12 values, with deviations of about 0.6 cm 3 mol −1 at room temperature and more than 4 cm 3 mol −1 for T = 50 K in accordance with the shallower well of the pair potential. The reason for this disagreement will be discussed below. For the ab initio pair potential of Haley and Cybulski, 15 the deviations are similar to those for the potential of Keil et al. 19 due to the close agreement of the well depths of these two pair potentials. In this case, the deviations can clearly be attributed to the neglect of several quantumchemical contributions that lower the interaction energy considerably. 
V. TRANSPORT PROPERTIES A. Theory
Using the Chapman-Enskog solution to the Boltzmann equation for small perturbations of the thermodynamic equilibrium is a well-established strategy for computing transport properties of low-density noble gases and their mixtures. 1 Within this approach, the intermolecular potentials and the transport coefficients are related through temperaturedependent collision integrals Ω (l,m) introduced by Chapman and Cowling. 48 Mason 24 derived explicit expressions for the computation of the transport coefficients as a function of the collision integrals (fourth-order approximation to the binary diffusion coefficient, third-order approximation to the thermal diffusion factor, and first-order approximations to viscosity and thermal conductivity; second-order formulae for viscosity and thermal conductivity were given in Ref. 49 ).
In our study on pure krypton, 9 we introduced a generalized formalism based on the kinetic theory of molecular gases. [50] [51] [52] [53] In this approach, temperature-dependent generalized cross sections σ characterize the binary collision dynamics. General expressions were derived for the collision between any two spherically symmetric particles α and β [Eqs. (16) and (17) x α x γ v αγ σ ps ps αγ
where v αβ = (8k B T /π µ αβ ) 1/2 is the average relative thermal speed. The viscosity of the mixture results as
Equations (9)- (11) 
where 
The product of molar density and binary diffusion coefficient, ρ m D, is given as
where N A is Avogadro's constant. The thermal diffusion factor α T and the thermal conductivity λ are obtained from the system of linear equations 
where C 11 α = (5k B T/2m α ) 1/2 . The product of the molar density and the thermal diffusion coefficient, ρ m D T , and the thermal diffusion factor result as
Muckenfuss and Curtiss 56 showed that two limiting cases for the thermal conductivity of gaseous mixtures can be defined. By assuming a uniform mixture, one obtains λ 0 , corresponding to a state prior to any temperature-induced change of the concentration. In contrast, λ ∞ denotes the steady-state thermal conductivity, which results after the (thermal) diffusion driven by the temperature gradient is ceased and a time-independent concentration gradient is formed. Unfortunately, Muckenfuss and Curtiss only reported some theoretical results for ternary mixtures (e.g., He-Ar-Xe, where λ 0 and λ ∞ differ by up to 1.8%), and no detailed study of this effect for binary mixtures is available in the literature. Moreover, there is no experimental setup for the determination of λ 0 ; even the so-called transient hot-wire (THW) technique yields steady-state results for λ. 57 Following Monchick et al., 58 it can be shown that both λ 0 and λ ∞ are obtained from a similar system of linear equations [Eq. (15) , the same as for
The only difference is that for λ 0 , the indices s and s start with zero as indicated in Eq. (15), whereas s, s 1 for λ ∞ . For s, s n, one obtains the (n + 1)th-order approximations for viscosity and binary diffusion and the nth-order approximation for thermal diffusion and conductivity. We computed the transport coefficients for different orders of approximation with n 6 by numerically solving the systems of linear equations. The averaged atomic masses of helium and krypton were used throughout (see Sec. IV B). The effects beyond this approximation were tested by treating krypton as a mixture of its naturally occurring isotopes and were found to be negligibly small. All collision integrals for the Kr-Kr atom pair were computed classically using our recent Kr-Kr ab initio pair potential 9 and a modified version of the program code developed by O'Hara and Smith. 59, 60 For Kr-He and He-He, we employed both the classical and the quantum-mechanical (phase shift) approach. The theory and application of the latter approach are described in detail in Ref. 61 and references therein. The quantum-mechanical collision integrals were computed using an optimized program code originally developed by Hurly et al. 62 Note that the quantummechanical treatment is limited to n 4. The ultra accurate ab initio pair potential of Cencek et al. 3 
B. Viscosity
In Table IV , results for the mixture viscosity at T = 300 K computed from classical collision integrals illustrate the convergence behavior of the kinetic theory solutions with respect to the order of approximation, (n + 1). The secondorder correction, i.e., the difference between the results for n = 1 and n = 0, increases almost linearly from 0.05% for pure krypton to 0.6% for pure helium, whereas the higher-order corrections are characterized by the maxima between x He = 0.6 and x He = 0.7. Sixth-and seventh-order contributions are always smaller than 0.001%. Therefore, the 5th-order results based on the quantum-mechanical collision TABLE IV. Viscosity η of krypton-helium mixtures at T = 300 K for different orders of approximation, (n + 1), of the kinetic theory based on classically computed collision integrals in 10 −6 Pa s. integrals for He-He and Kr-He, which show an almost identical behavior and are tabulated in the supplementary material for the complete temperature range, can be regarded as fully converged.
In Fig. 2 , theoretical results obtained for the pair potential of the present work, V tot , are compared with experimental data and values for the pair potentials from the literature. The room temperature data of Thornton, 63 obtained with a modified Rankine capillary viscometer, agree with our values within the estimated experimental uncertainty of 1%. Kestin and coworkers 64, 65 determined viscosity values of krypton-helium mixtures by means of relative measurements with oscillatingdisk viscometers. Their claimed uncertainty of 0.1% is certainly too optimistic due to an outdated calibration value and a temperature measurement error as thoroughly discussed, for example, in Ref. 9 . In accordance with the findings for pure krypton, 9 the room-temperature data deviate from the theoretical results by less than 0.4%, whereas the deviations increase to up to 1.0% at T = 473.15 K and to 0.6% at T = 873.15 K. Cybulski 15 are characterized by negative deviations of up to 0.39%. It is to note that the mixture viscosity is dominated by the influence of the He-He and Kr-Kr interactions, which were modeled by the same pair potential functions in all calculations. The viscosity values computed for the potential V U , which includes the combined standard uncertainties of the ab initio interaction energies, differ by less than 0.02% from the values for V tot for the complete range of temperature and composition. Using this result and the computed standard uncertainty for the pure-krypton viscosity, 9 we estimate the standard uncertainty of the krypton-helium mixture viscosity values to be 0.14%. This value represents only a global and conservative estimate for the standard uncertainty. Therefore, the uncertainty for the viscosity of helium-rich mixtures can be expected to be considerably smaller due to the high accuracy of the He-He interaction potential.
C. Thermal conductivity
Classical results for the thermal conductivity at 300 K are listed in Table V . In contrast to the behavior of the viscosity, already the second-order correction is characterized by a pronounced maximum with about 2.5%, whereas the correction amounts to 0.08% and 0.9% for pure krypton and helium, respectively. The third-and fourth-order corrections contribute up to 0.5% and 0.13% to the mixture thermal conductivity, the former value being consistent with the third-order results for argon-helium and xenon-helium mixtures reported by Assael et al. 66 Fifth-and sixth-order results for T = 300 K are characterized by differences of less than 0.03% and 0.01%, respectively. The cumulated correction for effects beyond n = 4 is always smaller than 0.1% so that the fourth-order results based on the quantum-mechanical collision integrals can be regarded as converged, considering also the limited accuracy of the experimental techniques for the determination of λ. The difference between λ 0 and λ ∞ amounts to up to 2.3% at 300 K. This considerable effect is due to the large mass difference of krypton and helium. The theoretical computations of this difference by Muckenfuss and Curtiss 56 performed for the ternary mixture He-Ar-Xe yielded a similar order of magnitude. , T = 343.15 K; ♦, T = 363.15 K, Gambhir and Saxena. 68 Uncertainty range is not shown to improve readability.
In Fig. 3 , the theoretical results are compared with the few available experimental data for the thermal conductivity of krypton-helium mixtures. The room-temperature data of Mason and von Ubisch 67 as well as of Thornton 63 are in agreement with the computed values within ±2.1% and ±4.2%, respectively, whereas the results for T = 793.15 K from Ref. 67 deviate by up to 10.4%. The data reported by Gambhir and Saxena 68 show a good agreement for the krypton-rich mixtures but increasing deviations with increasing x He .
We do not discuss the theoretical results for the thermal conductivity with respect to the different pair potentials since the relative deviations are essentially the same as for the viscosity. Taking into account the slower convergence TABLE V. Thermal conductivity λ of krypton-helium mixtures at T = 300 K for different orders of approximation n of the kinetic theory based on classically computed collision integrals in 10 −3 W m −1 K −1 .
Uniform-mixture thermal conductivity, λ 0 0. of the series of approximations for the thermal conductivity compared to that for viscosity, we assign a slightly higher standard uncertainty of 0.2% to the calculated results for λ 0 and λ ∞ .
D. Binary diffusion
Among the mixture transport properties, the binary diffusion coefficient exhibits the strongest dependence on the unlike-particle pair potential. As can be seen from Table VI, the first-order approximation yields a composition-independent value for ρ m D. Only the second-and higher-order corrections contain contributions from the He-He and Kr-Kr potentials. Our calculations confirm the typical behavior for a binary mixture with a large mass difference. Negligible higher-order corrections result for x He → 1, whereas a slower convergence is observed for x He → 0 with subsequent corrections of 3.1%, 0.55%, 0.15%, 0.046%, 0.015%, and 0.005% for n = 1 through n = 6. The cumulated sixth-and seventh-order corrections are always smaller than 0.03%.
In Fig. 4 , the theoretical results computed from the new ab initio Kr-He pair potential are compared with selected experimentally based diffusion data 19, [69] [70] [71] [72] [73] [74] [75] and with results obtained for the pair potentials from the literature. 15, 19, 20 Where necessary, the experimental data of ρ m D were calculated from the measured values for the diffusion coefficient and the pressure assuming ideal gas conditions. We applied this procedure to be in accordance with the common approach that was used to obtain diffusion data at atmospheric pressure from that at experimental conditions (see, for example, Ref. 69). The estimated experimental uncertainty was usually in the order of (1-2)%, except for the values of Staker and Dunlop 73 and Keil et al., 19 for which 0.2% and 0.3% were reported. We estimated the relative standard uncertainty of our calculated values for ρ m D, obtained from quantum-mechanical phase shift calculations and the fifth-order approximation of kinetic theory, as follows. The first uncertainty contribution stems from the difference between the results for V tot and for V U . It was found to be u I r (ρ m D) = 0.03%, showing almost no dependence on temperature. The second contribution to the uncertainty was estimated to be the difference between the fourth-and fifth-order results, having in mind that the cumulated higher-order contributions (beyond n = 4) are always smaller than this difference. We observed that the second uncertainty contribution is again almost independent of temperature and can be represented by u II r (ρ m D) = 0.06% × x Kr . The quadratic propagation of the two contributions results in combined relative standard uncertainties ranging from 0.03% to 0.07%.
In Fig. 4(a) , absolute values for the product of the molar density and the binary diffusion coefficient are shown for T = 300 K as a function of the mixture composition. The straight lines correspond to the theoretical results for the firstorder approximation using the quantum-chemical phase shifts, whereas the dashed line corresponds to the results based on classical collision integrals. At this particular temperature, the values obtained for the empirical pair potentials of Danielson and Keil 20 and Keil et al. 19 are in close agreement with those calculated for the ab initio potential of the present work. This is due to the fact that the accurate diffusion data from the Dunlop group 19, 73, 75 were considered within the multi-property fitting procedure with large weights. The third-through fifthorder results are in agreement with the experimentally based correlation of Arora et al. 75 within its stated uncertainty of 0.3%. Staker and Dunlop 73 reported highly accurate pressure dependent diffusion coefficients measured with a Loschmidt cell at one mixture composition, x Kr = 0.1, at 300 K. They performed an extrapolation to the zero-density limiting value for ρ m D, which was assessed to have an uncertainty of 0.2% and is in perfect agreement with our theoretical prediction. Figure 4 (c) shows the comparison with further experimental data, covering a range from 111 K to 1194 K. All the data of Srivastava and Barua, 69 Srivastava and Paul, 70 Fedorov et al., 71 Van Heijningen et al., 72 and Cain and Taylor 74 were determined at equimolar composition with estimated uncertainties of (1-2)%. They are characterized by deviations of less than the reported uncertainties from the corresponding theoretical values. Further experimental diffusion data with larger deviations have already been discussed by Danielson 76 measured gas diffusion coefficients for various mixtures with the help of a Loschmidt cell combined with holographic interferometry. Their data, reported for x = 0.5, temperatures from 293 K to 353 K, and p = 2 bars, deviate from the current theoretical values by 2.2% to 1.4%. These differences are close to the estimated experimental standard uncertainties [due to the large deviations, we omitted the data of Kugler et al. in Fig. 4(c) ]. The data of Keil et al. 19 temperatures to negative deviations at higher ones can be observed. Since these experimental diffusion data were used as a key quantity within the multi-property fitting procedure, the empirical pair potential of Keil et al. 19 reproduces this trend, thereby leading to even larger deviations from our predicted values of about 1% at 100 K and 0.9% at 1200 K.
The values computed for the earlier empirical pair potential of Danielson and Keil 20 differ by less than ±0.2% from the values obtained for the potential of the present work. Furthermore, Fig. 4(c) shows that quantum effects on the diffusion coefficient increase from 0.3% at 300 K to 1.2% at 100 K.
E. Thermal diffusion
In Table VII , classically computed thermal diffusion factors for krypton-helium mixtures at 300 K are collected for different orders of approximation of the kinetic theory. The results show that the convergence behavior of the thermal diffusion factor is strongly dependent on the composition of the mixture. For x He → 0, the largest higher-order contributions were observed. The higher orders of approximations successively increase α T by 5.6%, 1.4%, 0.45%, 0.15%, and 0.05%. Moreover, it is important to note that these contributions have the largest relative effect of all transport properties. However, the measurement of the thermal diffusion factor is afflicted with the largest experimental uncertainty of all transport properties, too. In Fig. 5 , the theoretical results, obtained for the new pair potential using quantum-mechanical phase shifts, are compared with the available experimental data. [77] [78] [79] [80] [81] [82] [83] Most of the data are characterized by a large scatter within each of the data series except for the data of Atkins et al., 77 which differ systematically by 5% to 11% from our fourth-order results, and the data of Trengove et al., 83 which show deviations of 3.7% and 1.2%. Figure  5 (b) illustrates that the thermal diffusion factor exhibits a clear maximum, a feature which is not reflected by the experimental data. It is worth mentioning that quantum effects contribute up to 1.3% to the thermal diffusion factor at 300 K. Therefore, the theoretical results obtained for the fourth-order approximation using quantum-mechanical phase shifts can be expected to be more reliable than the sixth-order classical results. Since the relative magnitudes of the contributions for n > 4 strongly depend on the composition of the mixture and also on temperature, we give only an upper bound to the standard uncertainty of our calculated fourth-order α T values of 0.5%. TABLE VII. Thermal diffusion factor α T of krypton-helium mixtures at T = 300 K for different orders of approximation of the kinetic theory based on classically computed collision integrals. 83 Calculated values: (a) black lines correspond from bottom to top to first-order through fourth-order results using the pair potential of the present work for T = 337.15 K; (b) black line corresponds to fourth-order results using the pair potential of the present work.
VI. SUMMARY AND CONCLUSIONS
Ab initio supermolecular calculations for the kryptonhelium atom pair were carried out for 34 interatomic separations. Especially, effects beyond the nonrelativistic frozen-core CCSD(T) level of theory were investigated carefully. Contrary to the homoatomic cases Ar-Ar and Kr-Kr, where higher-order excitation effects beyond the CCSD(T) approach almost cancel each other, the T-(T) and (Q)-T corrections always have the same sign for Kr-He, a behavior similar to that of the He-He and Ne-Ne atom pairs. The post-CCSD(T) corrections increase the depth of the potential by about 2%. The effect of core-core and core-valence correlation on the interaction energies was found to be of nonnegligible magnitude. The corresponding correction terms deepen the well of the potential by about 2%. As expected, the relativistic correction is dominated by the scalar relativistic contribution obtained from DPT2 computations, whereas the spin-orbit correction terms are of distinctly minor importance. The total interaction energies were used to determine the parameters of an analytical potential function. The resulting potential energy curve is characterized by a considerably deeper well of 31.42 K compared to the ab initio potential of Haley and Cybulski 15 and the empirical potential of Keil et al. 19 with values of 29.84 K and 29.45 K, respectively. However, the well depth of the earlier empirical pair potential of Danielson and Keil 20 differs by less than 0.5 K from our result.
The calculated values for the cross second virial coefficient reflect the differences between the pair potential functions. We found a very good agreement of our calculated B 12 values with the results for the potential of Danielson and Keil and with the most accurate experimental data, whereas disagreement was found with the results for the other pair potentials.
Transport properties of low-density krypton-helium mixtures were calculated by means of the kinetic theory of gases using both classical and quantum-mechanical formulations for the collision integrals. The classical computations were conducted for the first-order through seventh-order of approximation for the shear viscosity and the product of the molar density and the binary diffusion coefficient. For the thermal conductivity and the thermal diffusion factor, the sixth-order approximation was the upper limit. The results show that all transport properties converge smoothly and sufficiently to the infinite-order limiting values within the seven or sixth steps presented here. We believe that 12th-or 20th-order approximations as discussed by Sharipov and Benites 26 for argonhelium mixtures would give no further benefit. The limited achievable accuracy of the experimental methods for the determination of transport properties of gaseous mixtures leads to the conclusion that already fifth-order results (for viscosity and binary diffusion) and fourth-order results (for thermal conductivity and thermal diffusion) can be regarded as sufficiently converged.
The computed mixture viscosity values are in good agreement with the available experimental data at room temperature in accordance with the investigations on the pure components krypton and helium. Only the comparison of calculated values with experimental data for the binary diffusion coefficient allows us to assess the quality of the empirical and ab initio pair potentials. The results for the ab initio potential of Haley and Cybulski 15 differ considerably from the best experimental data and from our computed values, whereas the values for the earlier empirical potential of Danielson and Keil 20 show a very good agreement. Finally, it became obvious that the later empirical potential of Keil et al. 19 involved an unjustified overestimation of the reliability of the binary diffusion data reported in the same work. This leads not only to differences between the results for the binary diffusion coefficient at low and high temperatures but is also the cause for the disagreement between the results for the cross second virial coefficients.
SUPPLEMENTARY MATERIAL
See supplementary material for details of the quantumchemical results for the krypton-helium interaction energies and the thermophysical properties of gaseous krypton-helium mixtures.
